Abstract-Cooperative diversity is an effective technique for transmission performance improvement over fading channels. In this paper, through the use of a virtual antenna array, a time division multiple access (TDMA) based cooperative media access control (MAC) protocol, Cooperative TDMA (C-TDMA), is proposed to enable cooperative transmissions in Rayleigh fading channels to improve the probability of correct packet reception and system throughput. A C-TDMA throughput expression is derived using a Markov chain model. Numerical results show that the throughput of conventional TDMA can be improved by over 40% through the use of the cooperative MAC designs.
I. INTRODUCTION
C OOPERATIVE communication is a very attractive research topic for improving the effective quality of service in wireless networks. Appropriate medium access strategies are required in order to exploit the physical layer advantages provided by cooperative communications [1] . In [2] and [3] , medium access control (MAC) protocols enabling cooperation in 802.11 systems are considered. In [4] , Cooperative Aloha (C-Aloha) is proposed to enable cooperative transmissions based on multiple-antenna systems for packet retransmissions to obtain the transmit diversity. According to numerical results, this cooperative MAC design [4] introduces a 30% increase in the maximum throughput of slotted Aloha systems. Furthermore, C-Aloha can be applied to other contention based MAC protocols.
A cooperative MAC design for TDMA systems has not been explored thoroughly. In [5] , a fixed relay/wireless router utilizes the idle time slots available in a TDMA frame and two corresponding MAC protocols are designed to assist packet retransmissions. Although this method improves packet retransmissions when idle time slots are available, it becomes less effective when the traffic load is high (few idle slots are available). In this paper, we introduce a Cooperative TDMA (C-TDMA) protocol to enable cooperative transmissions through virtual antenna arrays [6] to obtain diversity gain. In C-TDMA, each terminal has two tasks. First, a terminal needs transmits its own data packet during its allocated time slot in each frame. Second, it monitors other time slots in each frame and cooperates with other terminals to retransmit failed packets due to channel impairments during previous frames. In other words, neighbor terminals will help a source packet terminal to retransmit its lost packets during the time slot of the original source packet terminal. This cooperative MAC design effectively overcomes severe channel impairments because of fading, increases the probability of correct packet reception, and thus results in throughput improvements. C-TDMA can also be extended to other control or schedule based MAC protocols to obtain transmit diversity . The rest of this paper is organized as follows. Section II describes C-TDMA in details. Section III derives the throughput of the conventional TDMA and C-TDMA system in Rayleigh fading channels. Analytical and simulation results are given in Section IV and, finally, Section V draws conclusions.
II. COOPERATIVE TDMA
In cooperative TDMA uplink scheduling for mobile terminals and a base station, a frame contains time slots with equal time length. Each time slot is exclusively allocated to a terminal. All terminals are assumed to be synchronized and all packets have equal length. Moreover, we assume that packet arrivals at each terminal are independent and follow a Bernoulli process [5] [7] . Specifically, each terminal generates a new packet with probability during each time slot, and the probability of no packet generation is 1 − . Each C-TDMA terminal has a first-in and first-serve (FIFS) buffer of length , and a parallel output buffer of length − 1 for cooperative transmissions. Finally, we assume that immediate feedback (positive or negative acknowledgement) from the base station at the end of each time slot can be received by each terminal through an error-free channel [4] .
In a cooperative TDMA system, each terminal transmits existing packets, if any, in its FIFS buffer during its exclusively allocated time slot. If the transmission fails, the packet will be retransmitted in the following frames until it is transmitted successfully and then cleared from the terminals' FIFS buffer. During other slots other than the terminal's exclusively allocated slot within a frame, called overhearing slots, each terminal listens to other terminals' transmissions. At the end of each overhearing slot, there are four possible scenarios: a) the packet overheard is correctly decoded and a positive acknowledgement is received by the terminal; b) the packet overheard is not correctly decoded and a positive acknowledgement is received by the terminal; c) the packet overheard is correctly decoded but a negative acknowledgement is received by the terminal; d) the packet overheard is not correctly decoded and a negative acknowledgement is received by the terminal. For scenario c), the terminal will load the successfully decoded (overheard) packet into its corresponding parallel output buffer. For scenarios a), b) and d), the overheard packet will be discarded. In the following frames, this terminal with the successfully decoded packet will serve as a cooperative terminal with probability , and 1089-7798/10$25.00 c ⃝ 2010 IEEE transmit this packet together with the original source terminal during the source terminal's exclusively allocated time slot and thus result in diversity gain. Considering − 1 cooperative terminals plus the source terminal, it forms a -element virtual antenna array (e.g., in the form of multiple-input single-output (MISO)). The performance of this antenna array can be evaluated following that of a maximal-ratio-combing (MRC) receiver [8] . The improvement of the successful packet reception probability depends on the number of cooperating terminals which determines the number of branches in MRC. Assuming a binary phase shift keying (BPSK) modulation scheme, the average bit error rate (BER),¯, in a Rayleigh fading channel for a MRC receiver with -branch diversity is given by [4] 
− , where¯is the average signal noise ratio (SNR) of each link. Without considering channel coding, the success probability of a bit length packet can be calculated by ( ) = [1 −¯(¯, )] and thus the packet error rate is ( ) = 1 − ( ). Here, we assume that SNR can be estimated at the base station and is static during one time slot.
III. THROUGHPUT ANALYSIS OF C-TDMA
In this section, we develop analytical models for conventional TDMA and C-TDMA systems in terms of network throughput in Rayleigh fading channels. In order to derive the throughput of conventional TDMA/C-TDMA, we model the system as a Markov chain [7] [10]. For this constructed Markov chain, a state is defined to describe packets in the length FIFS buffer of a terminal. Setting the observation point at the end of the terminal's transmission slot in each frame, we have 0 ≤ ≤ states. In this paper, we only consider the case ≤ . Next step, we resolve the Markov chain after obtaining its one step transition matrix. Finally, the throughput of conventional TDMA/C-TDMA can be obtained.
We first consider the Markov chain of the conventional TDMA system. Its one step transition matrix { } , can be calculated following the method introduced in [7] . This one step transition matrix is given in Eq. (1), where given by Eq. (2) is the probability of packet arrivals during a frame [5] 
It can be proved that the Markov chain is irreducible, aperiodic and homogeneous, and thus it has unique stationary distribution = ( 0 , 1 , . . . , ) [11] , where is the steady state probabilities of state . Since each terminal transmits a packet in each frame except when its buffer is empty, the throughput of a TDMA system, , is
For the Markov chain of the C-TDMA system, its one step transition matrix { } , is given by Eq. (4). In { } , , is the average transmission error probability of the headof-line (HOL) [12] in the FIFS buffer. Since the HOL in FIFS buffer could be for its first transmission or retransmitted by the ℎ time due to previous failures, the calculation ofī s determined by the probability of the HOL transmitted or retransmitted by the ℎ time and the packet error rate with − 1 cooperative terminals. We use ℎ to represent the probability of the HOL transmitted for the first time ( = 0) or retransmitted by the ℎ time ( = 1, 2, . . .). Moreover, let ( ) denote the probability that terminals correctly receive the source packet,
, and ( , ) donate the probability that out of terminals choose to involve in cooperation, ( , ) = ( ) (1− ) − . Therefore, the probability of the HOL in the FIFS buffer being transmitted/retransmitted by the ℎ time, ℎ , can be represented by
Since ∑ ∞ =0 ℎ = 1, the specific value of 0 ℎ can be calculated by Eq. (6) and thus each specific value of ℎ can be calculated by Eq. (5). Finally,¯can be calculated by Eq. (7) and the average correct transmission probability of the HOL in the FIFS buffer,¯, is calculated using¯= 1 −¯. The Markov chain of the C-TDMA system also has unique stationary distributions = ( 0 , 1 , . . . , ) [11] , where is the steady state probabilities of state . The throughput of a C-TDMA system, − , is thus
IV. ANALYTICAL AND SIMULATION RESULTS
In this section, we compare the throughput of TDMA with C-TDMA systems in Rayleigh fading channels. The performance of a TDMA system in an error-free channel is also illustrated in Fig. 1 based on the results in [7] . In both our simulation and analytical analysis evaluations, SNR is assumed to be 25 dB, the packet length is 1024 bits, and the fading is assumed to be constant within each time
. . .
slot (block fading). The theoretical and simulation results of C-TDMA systems are illustrated in Fig. 1 for different values. Note that simulation results are obtained using Matlab and the simulation accuracy is maintained based on the convergence of the simulation results. It is also noted that the analytical and simulation results match very well. In Fig. 1 , the maximum throughput of a TDMA system in an error-free channel is 1 under a high traffic load. However, the maximum throughput of TDMA is only about 0.45 without using cooperative diversity in a Rayleigh fading channel. For a C-TDMA system, when value increases from 0.2 to 1, there are more terminals in the cooperation terminal set. When is 0, there is no cooperative transmission and the system becomes a TDMA system without cooperative diversity. It is seen that the maximum throughput of the C-TDMA system has 44% increase compared to the TDMA system due to the cooperation transmissions when equals to 1.
V. CONCLUSIONS
In this paper, we introduced cooperative transmissions into the conventional TDMA system and obtained a cooperative TDMA protocol. Based on the cooperation transmissions from both a source terminal and other neighbor terminals in a wireless network, a diversity gain is obtained to improve the probability of correct packet reception, resulting in a 44% throughput increase as compared with conventional TDMA.
